Abstract-The purpose of this work was to investigate the sorbents on the basis of polyethylenimine (PEI) intended for collecting biomass of microalgae (MA). For this purpose, a series of porous and insoluble polymeric materials were synthesized by cross-linking of PEI with epichlorohydrine. The analysis of kinetics and efficiency of immobilization assessed for the model culture Chlorella vulgaris, revealed that already within 3 h of incubation, 39-75% of MA cells attached to the surface of tested sorbents. It was shown that on the initial stage of immobilization the sorption activity of polymeric materials depended on the "PEI:crosslinker" ratio. One of the tested sorbents was additionally quartenized by alkylation with dimethyl sulphate resulting in sharp increase of its sorption activity. The estimation of the MA desorption from polymeric surface showed that most Ch. vulgaris cells were practically irreversibly immobilized on all tested sorbents based on the PEI cross-linked with epichlorohydrine.
INTRODUCTION
Nowadays, the demand for microalgae (MA) biomass and value-added products on its basis is steadily growing. The currently used methods of MA harvesting are expensive and time-consuming compiling 20-30% of the biomass cost-price [1] . On the other hand, the water body "blooming," caused by the massive propagation of phototrophic microorganisms, creates a lot of problems. Annually, about 150 000 cases of people poisoning with fish or other products containing toxins of phototrophic microorganisms are recorded [2] . The development of effective and biocompatible sorbents is seemed to be the promising technique for harvesting both toxic and biotechnologically valuable MA.
It is believed that polyethylenimine-based sorbents containing numerous positively charged amine groups [3] are electrostatically attracted to the surface structures of MA providing steady attachment of cells.
The purpose of this work was to develop PEI-based sorbents intended for effective harvesting of MA biomass and investigate the polymeric surface and their sorption capacity towards the model MA.
MATERIALS AND METHODS
The object of the study. As the model culture of MA Chlorella vulgaris (IPPAS S-2014) was tested. The cultivation of Ch. vulgaris was fulfilled as described in [4] .
Synthesis of sorbents. Polymeric materials were synthesized by cross-linking of PEI with various mass concentration of epichlorohydrin (7.5%; 15%; 30%) at heating and subsequent dehydration of the product according the method described in Nuzhdina et al. [5] . Porous and insoluble polymers P-E30, P-E15, P-E7.5 with different ratio of PEI:epichlorohydrin were obtained. The sorbent P-E30 was additionally alkylated with dimethyl sulphate as described previously [5] for creation of the polymer P-KE30 containing quaternary ammonium groups on the surface.
Scanning electron microscopy. The preparation of sorbents for studying of polymeric surface and peculiarities of MA cells attachment was fulfilled as described in Lobakova et al. [4] .
Studying of MA immobilization kinetics and estimation of sorbents immobilization efficiency. The studying of MA immobilization kinetics and the estimation of chlorophyll (Chl) content were fulfilled as described in previous study [4] . As a measure of the sorbents immobilization efficiency E im , the completeness of the immobilization was calculated by eq.:
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where E im -the efficiency of culture immobilization on a sorbent (%); C Сhl1 -the Chl content in the control suspension (mg/L); C Сhl2 -the residual Chl content in cell suspension after incubation with the sorbent for the specific time (mg/L). Studying of cell desorption. To study the desorption process, samples of polymeric materials with immobilized cells were immersed in 50 mL flasks containing 20 mL of 0.5 M NaOH or 20% NaCl solution. The flasks were placed in a thermostatic shaker Innova-44 (New Brunswick, USA) and incubated for 24 h at 120 rpm and the temperature of 25°C. The desorption process was monitored via estimation of chlorophyll content in the suspension containing the detached MA cells. 1 mL of cell suspension was taken for estimation of chlorophyll content in 1, 3, and 24 h after the beginning of incubation.
RESULTS AND DISCUSSION
Nowadays, various agents such as chloroanhydride of sebacic acid, terephthalic aldehyde, epichlorohydrin, 1,5-dibromopentane are used for PEI cross-linking [5] [6] [7] , which make it possible to obtain solid polymeric materials with a variety of physico-chemical characteristics, differing in the shape and surface characteristics.
The SEM study of the sorbents revealed that polymeric particles are of asymmetric shape and different size (from 0.5 to 1.5 cm). They are also characterized by the presence of macropores of 2-40 μm in diameter (Fig. 1a) . It was detected that the number of pores depends on PEI:epichlorohydrin ratio. The sorbent P-E30 (the mass concentration of epichlorohydrin 30%) is characterized by the highest porosity with evenly distributed pores A decrease of epichlorohydrin percentage resulted in a decline of the surface porosity, e.g. the surface of the sorbent P-E7.5 (the mass concentration of epichlorohydrin 7.5%), combines both smooth and porous areas.
According to the SEM data, the MA cells after 3 h of incubation actively inhabited porous and nonporous spots on the surface of sorbents (Fig. 1b) . After 24 h the surface of all polymers was covered by Ch. vulgaris cells monolayer. It is known that polysaccharides, proteins and polypeptides as the part of MA surface structures contain negatively charged groups (mostly carboxyl groups) which possess high affinity to the positively charged surface of polycationic sorbents on the basis of PEI. It should be noted that that in aqueous solutions PEI tend to form numerous intermolecular hydrogen bonds, probably providing more steady binding of PEI with cell walls of MA [3] .
The study of MA immobilization kinetics on the surface of polymeric materials revealed that the quartenized polymer P-KE30 is the most effective sorbent. Thus, during 1 h of incubation, the percentage of unattached MB cells (estimated via residual Chl content in the medium) decreased almost fourfold in comparison with its initial concentration in the cell suspension (Fig. 2a) ; the calculated E im for this sorbent was 76.4% (Fig. 2b) . At the initial stage of immobilization process the activity of other tested sorbents was significantly lower, e.g. the E im for P-E30, P-E15 and P-E7.5 did not exceed 58.2% after 3 h of incubation, while E im of the quartenized sorbent P-KE30 was 92.5% (Fig. 2b) .
It should be noted that at the beginning stage of immobilization (from 1 to 3 h) the correlation between immobilization efficiency E im and PEI:epichlorohydrin ratio existed. As it is shown in Fig. 2 the decrease in the cross-linker percentage resulted in the increasing of attached cells number: in the first 3 h of incubation the E im of sorbents with 30% and 7.5% epichlorohydrin percentage comprised 39 and 58% correspondently.
The noticed effect is likely due to the increase in amino groups resulting from the decrease in the crosslinker percentage. These positively charged groups on the surface of sorbents are binding to the negatively charged carboxyl and sulfa groups which are the part of MA surface structures. Interestingly, after 24 h of incubation, the percentage of cells attached to the polymeric surface varied from 81 to 94%, and after 48 h the process of cell immobilization was practically completed on all tested sorbents (Fig. 2) .
Judging from the results of the MA immobilization kinetics the quartenized sorbent P-KE30 obtained by addition of dimethyl sulfate is the most effective polymer characterized by the highest rate of MA sorption. The greatest attachment efficiency during the first hours of incubation is likely due to the highest surface charge of P-KE30 polymer possessing quaternary nitrogen atoms. Sorbents P-E30, P-E15, and P-E7.5, containing only primary, secondary and tertiary nitrogen atoms, were less active at the initial stage of immobilization, while in 48 hours the E im for all tested PEI sorbents did not differ (Fig. 2b) .
The desorption of Сh. vulgaris cells from the polymeric surface was tested in NaOH and NaCl solutions. As it was expected the electrostatic interactions between positively charged nitrogen atoms and negatively charged components of the MA surface structures could be broken in case of pH and ionic strength increasing. The desorption experiments revealed that the increasing of ionic strength in medium was not accompanied by the cell detachment, while in case of pH increasing the percentage of detached MA cells was 12-15%. Thus, the immobilization of Сh. vulgaris cells on the surface of tested sorbents could be considered as irreversible process.
Taken together, the results of the present study indicate that sorbents based on cross-linked polyethylenimines are promising materials for effective and steady immobilization of photosynthetic microorganism cells. This study was funded by Russian Science Foundation (grant no. 16-14-00112). The residual chlorophyll content, mg/L The efficiency of immobilization, % Time of immobilization, h Time of immobilization, h P-KE30 P-E30 P-KE30 P-E30 P-E15 P-E7.5 P-E15 P-E7.5
